The function of tubular epithelial organs like the kidney and lung is critically dependent on the length and diameter of their constituting branches. Genetic analysis of tube size control during Drosophila tracheal development has revealed that epithelial septate junction (SJ) components and the dynamic chitinous luminal matrix coordinate tube growth. However, the underlying molecular mechanisms controlling tube expansion so far remained elusive. Here, we present the analysis of two luminal chitin binding proteins with predicted polysaccharide deacetylase activities (ChLDs). ChLDs are required to assemble the cable-like extracellular matrix (ECM) and restrict tracheal tube elongation. Overexpression of native, but not of mutated, ChLD versions also interferes with the structural integrity of the intraluminal ECM and causes aberrant tube elongation. Whereas ChLD mutants have normal SJ structure and function, the luminal deposition of the ChLD requires intact cellular SJs. This identifies a new molecular function for SJs in the apical secretion of ChLD and positions ChLD downstream of the SJs in tube length control. The deposition of the chitin luminal matrix first promotes and coordinates radial tube expansion. We propose that the subsequent structural modification of chitin by chitin binding deacetylases selectively instructs the termination of tube elongation to the underlying epithelium.
Results and Discussion
An important late step in the morphogenesis of tubular organs is the final acquisition of distinct branch sizes. The fixed length and diameter of tubes dictate the flow rates of the transported gas or liquid and are therefore major determinants of optimal organ function. Several of the genes controlling tube size during organogenesis encode potential regulators of apical membrane and cytoskeletal organization, but the cellular mechanisms measuring and restricting lumen growth are not well understood [1, 2] . In the Drosophila airways, a dynamic chitinous extracellular matrix forms inside the developing branches and is required for uniform tube expansion. Loss of the transient chitin cable results in cystic and winding tubes and defects in apical cell shapes and cytoskeletal organization, suggesting that the expanding polysaccharide cable controls tube extension [3, 4] . How does the luminal chitin matrix signal its structural integrity to the epithelium? The lamellar structure and stiffness of arthropod cuticles depends on the arrangement of chitin polymers [b(1-4)-linked N-acetylglucosamine, GlcNAc] in planes of parallel or antiparrallel fibrils through the formation of hydrogen bonds between the chains [5] . Moreover, the rigidity of the Saccharomyces cerevisiae spore cell wall requires chitin deacetylases that convert chitin to chitosan, a b(1-4) N-Glucosamine (GlcN) polymer with distinct physical properties [6] . We hypothesized that similar luminal chitin modifications resulting in structural changes of the matrix may control tube length or diameter growth. The fly genome encodes more than 100 putative chitin binding proteins (ChtB, IPR002557) [7] , and three of them, encoded by CG8756, CG32209, and CG17905, contain additional Low-Density Lipoprotein Receptor (LDLR, IPR002172) and polysaccharide deacetylase (Polysacc Deac, IPR002509) domains, suggesting that they may be involved in the assembly and maturation of chitin polymers ( Figure 1A ). We named this protein family ChLDs because of the predicted structure of the encoded proteins, and the CG8756 and CG32209 members were named vermiform (verm) and serpentine (serp), respectively, because of the tracheal phenotypes of the mutants (see below). We first analyzed the expression patterns of verm, serp, and ChLD3 in wild-type embryos by in situ hybridizations. verm and serp were expressed in all tracheal cells from stage 12 until the end of embryogenesis, and both genes were also expressed in the epidermis from stage 15 onward ( Figure S1 in the Supplemental Data available online). ChLD3 expression was not detected in the trachea, and it was therefore not analyzed further. To investigate the localization of the Verm protein, we raised antibodies against its C terminus and stained wild-type embryos. We detected Verm inside all tracheal cells from stage 12. Verm deposition into the lumen of the dorsal trunk (DT) commences abruptly at stage 14, followed by all other branches thereafter. By stage 15, the Verm labeling was luminal and lining the apical cell surface of the DT (Figures 1B-1G ). This staining was severely reduced to background levels in verm mutants. We also used btl-GAL4 to express Serp-GFP fusion protein and found it to be secreted into the lumen similarly to endogenous verm ( Figure S1 ).
The dynamic localization of ChLD proteins as well as their predicted structure suggested a role in the assembly of the intraluminal chitinous filament. To determine the function of Verm and Serp, we obtained strong loss-offunction mutations for both genes (see Experimental Procedures and Figure S1 ). Stage-16 verm mutant embryos stained for the luminal 2A12 antigen display excessive elongation and convolutions of the DTs, which become gradually more pronounced in later stages. This defect becomes largely ameliorated in mutants expressing UAS-verm in the trachea, suggesting that verm restricts tube elongation ( Figure S1 ). We also detected similarly elongated DT tubes in serp mutant embryos ( Figures 1I and 1L ). In addition, Df(3L)Exel6135 embryos, lacking ten genes including verm and serp, show more severe tube-overextension phenotypes than either single mutant ( Figure 1K ). These mutants also displayed a slight diametric overgrowth in the DT, suggesting that the removal of both ChLDs, or other genes in their neighborhood, may also influence the restriction of radial tube growth. The analysis of verm and serp embryos labeled with anti-DE-Cadherin antibodies also revealed overstretched cellular profiles (Figures 1J and 1M and data not shown). This indicates that both verm and serp are required to halt tube elongation and co-ordinate apical cell extensions at late stage 15. The aggravated phenotype of embryos deficient for both proteins suggests that they may cooperate in that task.
Do the tube-length defects in the mutants correlate with phenotypes in the assembly and structure of the luminal matrix? We first analyzed luminal chitin assembly by a fluorescent chitin binding protein (ChtB) and a fluorescent chitin binding lectin (WGA) [3] . Both reagents revealed a cylindrical structure of tightly packed luminal chitin polymers in the wild-type. In homozygous verm and hemizygous serp embryos, this structure appeared diffuse and expanded radially already at stage 15. By stage 16, its labeling intensity was severely reduced in the DTs compared to the wild-type (Figures 2A-2H ). Analysis of transverse transmission electron microscopy (TEM) sections of wild-type DTs at stage 16 reveals a homogenously packed luminal matrix of parallel fibrils. The orientation and assembly of the fibrils is distorted in verm mutants, indicating that ChLDs organize intraluminal chitin packing ( Figures 2I and 2J ). The formation of the luminal matrix depends on the chitin synthetase encoded by kkv [8] . In kkv mutants, the chitinous cable is absent and the tubes first fail to expand their diameter and later become over elongated and convoluted [3] . The tube phenotypes of kkv verm double mutants were identical to the ones of kkv, indicating that chitin synthesis is a prerequisite for ChLD function (not shown). In addition, the luminal Verm staining was severely disrupted in kkv mutants ( Figures 2K and 2L ). Whereas early events of tracheal cuticle assembly, like the apical deposition of the epicuticle layers at early stage 16, were unaffected in verm mutants (see below), cuticular abnormalities were detected in DT cross-sections at late stage 16. These include irregular taenidia, reduced procuticle deposition, and aberrant apical membranes ( Figures 2M and  2N) , revealing an additional, later role of Verm in tracheal cuticle assembly. The above data argue that ChLDs are primarily required to form or preserve the tight texture of the chitinous luminal cable and that their function and localization require kkv and its product chitin.
To further analyze the functional potential of ChLD proteins, we overexpressed native and GFP-tagged versions of Verm and Serp in the trachea and assessed the phenotypes in embryos stained for the ChtB reagent or 2A12 ( Figures 3B-3F and data not shown). Expression of either transgene caused distortion of the filamentous texture and a reduction in the staining intensity of the chitin cable. Whereas native Verm causes lesser effects, Serp and both GFP-tagged versions induce more-pronounced phenotypes. Moreover, the tube-overgrowth and -winding phenotypes in the tracheal branches were proportional to the severity of the intraluminal matrix defect (Figures 3D-3F) . Thus, ChLD-induced changes in filament structure play an instructive role in tube elongation.
To dissect the function of the three predicted domains of Serp in this assay, we generated transgenic embryos expressing GFP-tagged versions lacking each of the motifs ( Figure 3A) . Tracheal expression of Serp-DChtB-GFP or Serp-DLDLR-GFP did not cause any detectable luminal or tube-extension phenotype, indicating that both domains are necessary for the function of Serp in tube length control ( Figures 3G, 3H, 3J, and 3K) . Expression of Serp-DDeac-GFP did not affect tube elongation either, but, surprisingly, we found that the protein does not become secreted but accumulates inside the tracheal cells ( Figures 3I and 3L) . Thus, the deacetylase domain harbors motifs required for Serp luminal secretion. The failure of the deletion constructs to cause phenotypes argues against antimorphic effects of the ChLD-GFP proteins and indicates that all three predicted domains are required for tracheal Serp function. Overexpression of the ChLDs leads to similar luminal and tube-elongation phenotypes as their loss of function, suggesting that both lack of as well as increased levels of chitin modifications result in similar effects.
The analysis of several Drosophila mutants with overgrown tracheal tubes similar to verm and serp embryos demonstrated that paracellular septate junction (SJ) components are required for halting lumen overgrowth [9] [10] [11] [12] [13] [14] . Two different molecular mechanisms were proposed to account for the tube-overextension phenotypes in SJ mutants: First, SJ-associated proteins like Scribble and Discs Large may restrict the activity of apical-membrane growth-promoting factors like Crb and DaPKC during tube growth [13] , and second, SJ functions may be required in luminal matrix assembly and thereby indirectly regulate tube expansion [3] (see Figure S2 ). Is there a mechanistic link between the function of SJs and ChLDs in tube length control? We first examined whether ChLDs are required for the assembly of SJs. We analyzed Df(3L)Exel6135 and verm mutant embryos in three different assays. First, we stained with antibodies against the SJ markers Neurexin and FasIII ( Figures 4A and 4B and data not shown) . Secondly, we analyzed DT crossections of verm mutants for the ladder-like SJ structure by TEM (Figures 4G and 4H ). Finally, we tested the function of the paracellular barrier by Dextran injections [15] (Figures 4C-4F ). ChLD mutants were indistinguishable from wild-type in all three experiments, arguing that ChLD does not affect SJ structure or function. Is Verm affected in SJ mutants? We analyzed the localization of Verm in mutants for the a subunit of the Na/K-ATPase (Atpa) [16] . In these embryos, Verm is retained inside the tracheal cells at stage 15, whereas its luminal abundance is strongly reduced and becomes gradually undetectable at stage 16. This defect in Verm luminal secretion is accompanied by only a subtle decrease in the luminal 2A12 staining (Figures 4I-4T) . We detected the same phenotypes of aberrant Verm intracellular accumulation and strongly reduced luminal levels in sinu (Claudin) [14] and lac (bulb) [11] mutants, suggesting that Verm luminal secretion depends on the assembly or maintenance of the SJ structure ( Figure S3 ). The defect of Verm intracellular retention and luminal stabilization in SJ mutants is unlikely to reflect a general block of apical secretion because neither the 2A12 marker nor the luminal ZP-protein Pio [17] showed defects in luminal accumulation at stage 15 ( Figures 4J and 4N and data not shown) . The distinct luminal-deposition phenotypes demonstrate a new function for the transepithelial barrier junctions in the apical secretion of Verm. Moreover, these apical secretion defects provide molecular evidence that ChLDs act downstream of the SJs to regulate tube size. The sorting signal required for apical targeting via SJs is presently unknown, and its identification may be aided by the dissection of the role of sequences in the Deacetylase domain in luminal secretion.
The phenotypic analysis of known tracheal-tube-size mutants unveiled an instrumental role of the chitinous extracellular matrix structure in orchestrating branch dimensions. The assembly and growth of the chitin cable first coordinates the radial expansion of the tubes. Subsequent modifications in chitin fibril structure by secreted ChLDs instruct the underlying epithelium to terminate tube elongation. Thus, dynamic structural changes of the luminal matrix may be sensed independently to determine diametric growth and tube elongation ( Figure 4U ). Given the predicted structure of ChLDs, such changes may involve chitin deacetylation and consequently the extent of hydrogen bonding between chitin fibers and their packing. The similar loss-and gainof-function ChLD phenotypes suggest that the distinct level of chitin modification and the expected changes in matrix rigidity monitor tube elongation. Luminal fibrillar ECM structures have been described in a vertebrate angiogenesis model [18] , and our genetic analysis provides a first mechanistic view on distinct functions of the luminal ECM in tube size control.
Experimental Procedures

Drosophila Strains
The KG07819 P element is inserted 100 bp upstream of the verm translation start site [19] . The XP type P element d03931 is inserted in the serp 5 0 UTR, 228 bp upstream of the first ATG [20] . Imprecise and precise excisions of both insertions each yielded several viable and lethal strains (noncomplementing Df(3L)XS543, Df(3L)XS705, and Df(3L)Exel6135) [21] , which remove both verm and serp [22] . [3] . Other mutations used are sinu 06524 [14] , bulb/lac k11012b [10, 11] , kkv DZ8 [8] , and Atpa s067611 [16] . btl-GAL4 and a btl-GAL4 UAS-GFP-CAAX recombinant, both on the second chromosome, were used for overexpression and to label tracheal cells. Appropriate lacZ-or gfp-marked CyO and TM3 balancers were used. 
Molecular Biology
Verm encodes four putative protein isoforms deriving from alternative splicing: verm-PA, -PB, -PC, and -PD [23] . They all share the same predicted protein domains (Figure 1 ) except Verm-PA, which contains an additional predicted chitin binding motif. Verm antisera were generated against a protein corresponding to aa 377-570 of Verm-PA (and shared by all isoforms) fused to the 63 HisTag from pRSETB. Protein purified on Ni-NTA resin was injected into guinea pigs.
UAS-verm and serp transgenes were generated by subcloning the inserts of RE29613 for verm-PD and RE22242 for serp into pUAST. PCR amplicons comprising the 5 0 UTR and coding regions of the above cDNAs were subcloned in frame with a C-terminal EGFP tag into pUAST to construct fluorescent variants. Serp domain constructs were made by PCR amplification and subcloning into pUAST: serp-DChtB-GFP lacks aa 46-105, serp-DLDLR-GFP aa 124-161, and serp-DDeac-GFP aa 196-331. All PCR-derived inserts were confirmed by sequencing.
Digoxigenin-labeled RNA probes were transcribed from AT19763 (verm), RE22242 (serp), and RE01566 (ChLD3) and hybridized to embryos according to [24] . Antibody, chitin stainings and TEM were performed as in [3, 16] . Anti-a-spectrin was used at 1/10 (clone 3A9; DSHB) and mouse anti-GFP at 1/1000 (clone 20, Sigma). Polyclonal guinea pig anti-Verm was used at 1/500. For dye-permeability assays, Rhodamine-B-conjugated 10 kDa Dextran was injected into live late-stage embryos and examined on a fluorescence microscope [15] . Structural changes in the chitin cable may be perceived through its adhesion to the epithelium or by specific receptors on the cell surface.
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